The threshold of laser ablation means the minimum laser intensity that enables to remove material. This value should be inherent to the material but independent of the optical system configuration essentially. In this study, the novel definition of the threshold is proposed, and then, the values for various materials are experimentally determined to evaluate its validity. In the experiments, the pulsed YAG laser with the pulse width of 8ns and the wavelength of 355nm is scanned on silicone, aluminum and silver for groove machining. The ablation threshold can be determined as the power density corresponding to the groove edge. In case of silicone, the values of threshold are always 80MW/cm 2 independent of the laser intensity and its distribution. Furthermore, since the change in the focal length of the objective lens does not affect to the threshold determination, it is confirmed that the threshold is also independent of the optical system configuration. In case of aluminum and silver, the values of threshold are 135 and 40MW/cm 2 respectively, and are also independent of the laser fluence and the optical system configuration. The proposed definition enables estimation the ablation dimensions corresponding to the laser intensity and material independent of the optical system configuration.
Introduction
Laser ablation is applied for various industrial purposes, such as removal process, such as micro boring [1] , microcircuit repair [2] and evaporation process that includes thin film deposition [3] and ultra-small particle generation [4] . Recently, the laser sources are actively improved such as widening the wavelength range [5] , extremely shortening pulse duration [6] , enhancing pulse energy [7] and so on. Consequently, the expectation for laser ablation, which uses the improved sources, has risen more and more [8] .
The laser ablation is the process that the irradiation of laser pulses of more than specific intensity, which is called threshold, breaks the bonds between atoms or molecules to remove the material from the solid surface minutely [9] . This process is affected by not only the workpiece material properties such as composition, absorption coefficient, and thermal conductivity, but also the laser irradiation characteristics such as wavelength, pulse duration, intensity and spot diameter. Therefore, for the process control in ablation, the laser irradiation conditions should be set appropriately corresponding to the workpiece material.
As mentioned above, the possibility of ablation depends upon whether the irradiated laser intensity exceeds threshold. Therefore, to determine the laser irradiation conditions, the grasp of threshold is essentially important.
The values of threshold have been examined experimentally for various materials. For instance, the ablation threshold values for the most of materials by nano-second pulse laser are reported as fluence of 0.1～10 J/cm 2 [10] [11] [12] [13] [14] .
Like those, the ablation threshold had been generally determined by the average fluence, but neglecting the laser intensity distribution at the irradiation spot. However, it is well known that the thresholds strongly depend upon not only the parameter peculiar to the laser oscillator such as wavelength and pulse duration, but also the parameter affected by the optical system configuration such as spot diameter and intensity distribution. However, since the detailed examination had been done not enough about those influences, the determination of the ablation condition is stayed in the empirical method, that is, it is not enough rational.
By physical thinking, the ablation threshold corresponds to the critical energy value for decomposition or evaporation of the workpiece material. Therefore, the value of threshold should be determined as the inherent value of each material essentially. In case of ultrafast pulsed laser ablation, it is reported that the ablation threshold can be determined corresponding to the irradiation intensity distribution [15] . However, it has not been clear whether the situation is same in case of laser ablation with nano-second order pulse duration.
In this study, for the laser ablation with nano-second order pulse duration, the practical definition is proposed to determine the ablation threshold as the inherent value for materials independent of the optical system configuration and the intensity distribution of irradiated laser. Furthermore, the validity of the method is examined experimental-ly with application to various materials and optical conditions.
Experimental apparatus and methods
In the experiment, the laser beam is delivered with some reflection mirrors, and focused on the flat specimen with three objective lenses different in the focal length. The irradiation intensity is controlled with the attenuator by polarization. Table 1 shows the specification of the laser oscillator. Of the irradiated laser, the wavelength is 355 nm, that is, the third harmonic of YAG laser, and the pulse duration is shortened less than 10 ns by using EO-Q switch. The oscillator generates the average power of 660 mW with pulse repetition rate of 500 Hz, consequently, the pulse energy reaches 1.32 mJ.
Figure1 shows the typical measurement result of beam mode of the irradiated laser. As shown in the figure, the mode is classified as the single-mode, and the correlation coefficient to ideal TEM 00 mode is 0.98. Figure 2 shows the schematic diagrams of laser irradiation method for groove machining. As shown in (a) in the figure, the grooves for evaluation can be obtained by moving the workpiece table in order to reciprocate the converged laser spot in one direction with the constant speed. At this time, the laser pulses are irradiated with the constant power and repetition rate. Furthermore, as shown in (b) in the figure, the table speed is set to make the spacing of the pulses equal to a half of 1/e 2 spot diameter. Table 2 shows the experimental conditions for groove machining. In order to evaluate the effect of the optical system configuration, the focal length F of the objective lens is changed from 50 to 140 mm. In addition, to evaluate the effect of the workpiece material, the materials selects silicon (Si), aluminum (Al) and silver (Ag). Figure 3 shows the typical cross-sectional view of the machined groove and the definition of the machined width Wm. By reciprocally irradiating laser pulses along a same line, the cross-section of the groove becomes a vee-shape finally. As shown in the figure, the machined width can be determined from the entrance width of a vee-shape. Figure 4 indicates the principle model of laser beam delivery in order to derive the intensity distribution of an irradiated laser at the focal point. (a) of the figure indicates the intensity distribution model of a TEM 00 mode laser at the focal point.
Novel definition of laser ablation threshold 3.1 Formulation of intensity distribution at focal point
Equation (1) expresses the power density I(r) at radius r from the beam center, here, r 0 means the representative radius for the Gaussian distribution and a means the scale constant corresponding to the spot radius. Since the sum total of power ⊿P within a doughnut-shape range of an infinitely small width ⊿r in radius direction can be expressed as equation (2), the irradiated power P should be determined by integration of equation (3). 
On the other hand, P is also related with pulse duration τ and pulse energy E p as expressed in equation (4) . When the spot radius is set as the 1/e 2 radius, the constant a becomes 2, and then, I(r) can be expressed as equation (5) based on equations from (1) to (4). 
Figure 4 (b) schematically indicates the model of convergence behavior caused by an objective lens. By assigning θ and L as the angle of divergence of the laser source and the optical length from the entrance of the oscillator to the objective lens respectively, if L is enough large, the beam diameter W' introduced into the objective lens can be expressed as equation (6) [16] . By converging the beam with the objective lens of the focal length F, the spot diameter W becomes as expressed in equation (7) into the above mentioned equation (5), the intensity distribution I(r) at the focal point can be derived as the function of radial position r, focal length F and the laser irradiation parameters such as E p and τ. Figure 5 shows the experimental results of silicone grooving by using the objective lens of focal length 140 mm. From the experiments, the relationships between the machined width and the intensity distributions are obtained as plotted in this figure. Here, fluence of irradiated laser are changed within range from 0.5 to 5 J/cm 2 by using attenuator. As shown in the figure, power densities at the edge of the machined widths are almost constant regardless of the irradiated fluence. Therefore, threshold power density P th can be determined as a mean value of those power densities. For instance, P th of silicone is 78MW/cm 2 . On the other hand, Fig.6 shows the change in machined width according to the change in the average power density in the same experiments. The decrease in power density makes the machined width become small gradually. Conventionally, the threshold is often determined as the power density P th that becomes the X intercept or the fluence corresponding to P th . However, the changing behavior of the machined width changes corresponding to the spot diameter of the irradiated laser. This means that the conventional definition of threshold is affected with configuration of the respectively. As shown in Fig.6 , the machined widths intersect with intensity distribution curves at constant power density P th . Therefore, in case of the intensity distribution of dashed line, since the maximum intensity corresponds to P th , the machined width should be 0, consequently, this intensity corresponds to the X intercept in Fig.6 . At this time, the average power density P th0 for this intensity curve is derived from the sum total of intensity divided with spot diameter 2 / 1 e d . However, in case of the intensity distribution represented by solid line, the intensity region within the range from P th0 to P th cannot remove a material. This means that P th0 is not suitable for the ablation threshold. Furthermore, since changes corresponding to the focal length of the objective lens, P th0 is also changed. This indicates that the conventionally defined threshold P th0 changes in the intensity distribution and the optical s stem configuration even if the material is same. The essential cause of this confliction is that the conventional definition does not consider the effect of the intensity distribution.
Ablation model considering intensity distribution
To overcome this problem, the novel definition of the ablation threshold is proposed by considering the intensity distribution at the focal point. As experimentally confirmed in Fig.6 , the machined width intersects with the intensity distribution curve at the same power density P th independent of fluence of the irradiated laser. This indicates that the laser intensity exceeding P th can remove the material selectively in the irradiated workpiece surface. Therefore the value of P th is proper for the ablation threshold. In next section, the validity of the definition will be confirmed experimentally. Figure 8 shows the experimental results of silicone grooving by using the objective lenses of focal length 100 and 50 mm. The figure of (a) shows the results obtained by using the lens of focal length f =100 mm. Regardless of fluence, the intersection power density P th between the machined width and the intensity distribution curve are constant, and its values are almost 75 MW/cm 2 similar to Fig.6 . Furthermore, as shown in plots of (b), even if f is reduced to 50 mm, P th is independent of fluence, and its values are also almost 75 MW/cm 2 constantly. Table 3 shows the values of spot diameter, machined width and threshold corresponding to the focal length. Figure 9 shows the measured results of the threshold in case of aluminum ablation. Plot of (a) and (b) indicate the relationships between the machined width and the intensity distribution curve for focal length F of 140 and 50 mm respectively. In case of aluminum, regardless of fluence, the intensities at intersection between the machined width and the intensity distribution curve are constant similar to silicone, but the value of threshold is almost 135 MW/cm 2 that is different to the value of silicone. In addition, the threshold values are also constant independent of the focal length.
Threshold of various materials and its application 4.1 Determination of threshold of silicone

Determination of threshold for other materials
On the other hand, Fig.10 shows the determination of the threshold for silver ablation. In case of silver, the value of threshold is 40 MW/cm 2 . Similar to other materials, the threshold of silver is also constant independent of fluence of irradiated laser.
From these results, it is found out that the ablation threshold based on the proposed definition is determined constant independent of laser irradiation condition and optical system configuration. This indicates that the threshold can be determined as the inherent value for materials.
Application of threshold determined by proposed definition
As shown in Fig.5 , the machined width changes with the change in fluence of irradiated laser. However, since the width depends upon threshold and the intensity distribution, the width can be estimated from the relationship of both. Equation (9) indicates the relationship between threshold power intensity and the machined width W m . Thus, W m can be estimated from this relationship. For the estimation, W m can be transposed to left side, and then, equation (10) is derived. W m can be estimated from ablation threshold P th , pulse energy E p , pulse duration τ and spot radius 2 / 1 e r . Furthermore, since spot radius depends upon divergence angle θ and focal length F, by considering those parameters, the effects of not only the laser irradiation conditions but also the optical system configuration can be taken in account. This relationship is especially effective to ablation with weak laser irradiation that slightly exceeds threshold. At this time, those lowpowered ablation suppresses the generation of the heat affected zone (HAZ), and enables to machine small holes and grooves that are smaller diameter and width than the spot diameter respectively. 
Conclusion
The novel definition of ablation threshold considering the intensity distribution of the irradiated laser is proposed, and then, its validity is examined experimentally. From the results, following are made clear.
(1) The machined width and the intensity distribution curve, which is derived from the converging characteristics of laser, intersect at constant power density independent of fluence. Therefore, the power density at intersection can be newly defined as the ablation threshold (2) The proposed threshold is determined as the constant value independent of the focal length of the objective lens. 
